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Magnetic circular dichroism and spin polarization in 3d\4f resonant photoemission
from Tb metal in the perpendicular geometry
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We present combined experimental and theoretical results for the magnetic circular dichroism~MCD! in
resonant 4f photoemission~RPE! from Tb metal in the perpendicular geometry at different photon energies
across the whole of theM4,5 resonance. The atomic calculations, which take into account the full multiplet
structure and the coherent second-order optical process, give excellent agreement with new experimental
results for the resonant photoemission decay. The angular dependence of the MCD-RPE and its strong spin
polarization in theM5 region are also reported. For a single-configuration state the variations in the spectral
shape are found to be stronger as a function of angle than as a function of photon energy. Due to the presence
of the multiplet structure in the intermediate state 3d94 f 9 the coherent second-order optical process is essential
for a correct description of the RPE. While the analysis of the spectra in parallel geometry yields accurate
values of the spin-orbit, Coulomb, and exchange interactions, only the angle dependent RPE provides the phase
factors of the emitted photoelectron.
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I. INTRODUCTION

With the development of high-brilliance synchrotron r
diation sources, a plethora of spectroscopies based on p
ized x-rays has become available, such as x-ray magn
circular dichroism~XMCD!, x-ray magnetic linear dichroism
~XMLD !, x-ray natural circular dichroism, x-ray resona
magnetic scattering, to name a few. In these spectrosco
x-ray absorption spectroscopy~XAS! using circularly polar-
ized radiation, which gives rise to XMCD, has proven to
ideally suited to study the local electronic and magne
properties of materials since relevant ground-state prope
can be determined using powerful sum rules.1–3 It is well
known that this magnetic circular dichroism~MCD! in the
absorption spectrum vanishes when the helicity of the in
dent light is perpendicular to the remanent magnetiza
direction. However, in this perpendicular geometry~PG! the
MCD can still be present in the decay or emission spectr
Thole, Dürr, and van der Laan4 observed in PG an MCD in
resonant photoemission~MCD-RPE! of 9% for the 2p3p3p
decay from ferromagnetic nickel. Braicovichet al.5,6 ob-
served that also the MCD in x-ray resonant Raman scatte
~RRS! does not vanish for PG. These studies have sho
that both MCD-RPE and MCD-RRS can provide informati
about the core-hole polarization that is not accessible
XMCD. Recent atomic calculations of the MCD-RRS b
Fukui et al.7 for the 2p→5d excitation followed by 3d
→2p radiative decay using a Gd 4f 7 ground state were in
good agreement with experiments on the Gd33Co67 amor-
phous alloy. The authors claimed that the MCD-RRS in
is caused by cross terms, which are characteristic of the
herent second-order optical process.

Until now, measurements of the MCD-RPE in PG ha
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concentrated on 3d transition metals.4,8–11 Also theoretical
investigations on MCD-RPE in PG have been limited tod
transition metals, such as the 2p3p3p, 2p3p3d, and
2p3d3d decays in Ni metal.12 For instance, the 2p3p3p
decay has been analyzed using the atomic process 3d91hn
→2p53d10↔3p43d10« l↔3s13d9« l , where « l denotes a
continuum photoelectron state and the photon energyhn is
tuned across the 2p→3d resonance. Very recently, Taguc
and van der Laan13 have used a method based on the coh
ent second-order optical process to calculate the 2p3p3p
MCD-RPE in PG from Ni metal. A very good agreement w
obtained with the experimental results by taking the wa
function of the ejected photoelectron as a superposition
outgoing and incoming spherical waves. The angular dep
dence of the MCD depends on the phase factors of the
going photoelectrons. Therefore, the results indicate the
portance of the phase factor of the ejected photoelectron
the angular dependence.

The Ni 2p3p3p RPE is a very simple case compared
that of the 4f metals. In general the calculations are rath
involved and it is normally not possible to simplify the in
terpretation of the RPE process by dropping some term
the Hamiltonian. The direct photoemission process from
initial state to the final state, the photon excitation to
intermediate state followed by the decay into the final sta
the coherent superposition of these processes and
multiplet-term dependent lifetime effect in the intermedia
state are all vital ingredients in the RPE. The combination
these processes determines the photoemission intensity
function of the incident photon energy, binding energy~BE!,
geometry~including the angle dependence!, light polariza-
tion, sample magnetization, and photoelectron spin. Such
evaluation requires considerable computational effort wh
©2003 The American Physical Society08-1
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has certainly limited the use of this spectroscopy up to n
The comparison between theory and experiment as a f
tion of all these experimental parameters, that can be ei
varied or measured, provides a much more stringent test
standard RPE. It can also avoid errors in the interpretatio
the experiment, because while conventional calculations
ten make simplifying assumptions, such as angular inte
tion, these conditions are in practice not fulfilled since ph
toelectrons are always detected within a restricted ang
acceptance cone, hence the mentioned phase factors w
fluence the observed spectra. Moreover, it has been dem
strated that by applying the sum rules for angle-depend
MCD-RPE ~Refs. 4,12! and MCD-RRS~Refs. 6,14! it is
possible to extract higher order ground-state spin and orb
coupled multipole moments, such as the octupolar and h
decapolar moments. Measurement of the MCD in PG ha
this case the advantage that the isotropic contribution dr
out. This method is complementary to the sum rule analy
for XAS that provides the number of valence holes and
spin-orbit interaction,15 for XMCD that provides the spin and
orbital magnetic moments,1–3 and for XMLD that provides
the quadrupole moment and the magnetic anisotropy.16

The M4,5 XAS,17 the 4f photoemission18 and the RPE
~Ref. 19! spectra of rare earths systems all show a la
multiplet structure and a strong MCD.20,21 Although the
analysis of these spectra provides accurate values of the
orbit, Coulomb, and exchange interactions,17 it is only the
angle-dependent RPE that can be used to test the phase
tors of the emitted photoelectron. Incorporation of the coh
ent second-order optical process is essential for a cor
treatment of the angle-dependent RPE in the presenc
multiplet structure in the intermediate state. Using the an
dependent Tb 3d→4 f RPE as a critical test for the cohere
second-order model calculations, we find a very good ag
ment with experimental results. On the other hand, a sim
fied model based on the fast-collision approximation wo
break down due to the multiplet structure. In this model o
assumes that the intermediate state lifetime is so short~i.e.,
the energy broadeningG of the intermediate state lifetime i
sufficiently large! that there are no scattering paths from t
initial to the final states with an energy difference mo
thanG.

This paper is organized as follows. The experimental
tails are described in Sec. II. The theoretical model and
malism are given in Sec. III. The calculated results and co
parison with experimental results is presented in Sec.
where also the angle dependence and the spin polariza
are discussed. Conclusion are drawn in Sec. V.

II. EXPERIMENTAL

Tb~0001! films with a thickness of 10 nm were epitaxial
grown on W~110! following a standard procedure.22 The
films were in-plane magnetized using a nearby solenoid
side the UHV chamber. Measurements were performed
the in situ prepared samples, in remanent magnetic state
at a temperature of 30 K, using circularly polarized x ra
from the undulator beam line ID12B~currently ID08! at the
European Synchrotron Radiation Facility~ESRF!. This beam
10440
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line was equipped with a spherical grating monochroma
giving soft x rays with an energy resolution of;0.4 eV and
a degree of circularly polarization of 8565% in the region
of interest.

The geometry for photoemission is depicted in Fig.
whereM is the remanent magnetization direction andP the
direction of the incident x rays, which is parallel to the h
licity vector. Photoelectrons were collected around the dir
tion e using a hemispherical energy analyzer with an acc
tance cone of 20° and an energy resolution of 0.2 eV. T
large acceptance angle for the photoelectrons ensures th
eraging over diffraction effects which give variations on
scale of a few degrees. Due to the experimental constrain
ultrahigh vacuum the angle/P,e is fixed to 60°. Figure 1~a!
shows the PG, whereP'M . Figure 1~b! shows the geometry
used for the angle-dependent measurements, where
sample is rotated around the axisP3e, thereby varying the
anglepin5/P,M . Since the magnetic remanence of the
film is notoriously in-plane we could not reach thePiM
alignment and instead used a grazing angle ofpin530° as
done also in Ref. 19.

The spectra were normalized to the incident photon fl
and an integral background correction was performed for
spectra measured with1 and2 helicity prior to taking the
MCD difference spectrum. Details of this procedure ha
been described previously.19 No saturation corrections wer
applied.

The XAS and XMCD spectra were recorded in tota
electron yield. The TbM4,5 XMCD measured forpin530°
~Fig. 2! was the same as reported previously.19 Prior to tak-
ing the data for the MCD-RPE in PG~Fig. 3! it was verified
that the XMCD signal was completely zero in this geomet

III. THEORY

Our aim in this study is to calculate the 3d→4 f XAS,
XMCD, and the MCD-RPE across the 3d→4 f excitation for
a 4f n system in spherical symmetry. We assume that for
rare earths the interaction with the band like (5d6s)3 is so
small that its influence can be neglected. We consider
excitation-decay process 4f n1hn→3d94 f n11↔4 f n21« l in
resonance with the direct photoemission process 4f n1hn

FIG. 1. Experimental geometry for the MCD-RPE whereP is
the direction of the incident circularly polarized x rays,M the rem-
anent magnetization direction, ande the direction of the detected
photoelectrons. The angle/e,P is fixed to 60°.~a! Perpendicular
geometry~PG!; ~b! Geometry for measuring the angular depe
dence, where the anglepin5/P,M is varied.
8-2
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MAGNETIC CIRCULAR DICHROISM AND SPIN . . . PHYSICAL REVIEW B68, 104408 ~2003!
→4fn21«l, wherehn is the incident photon energy, and 4f n,
3d94 f n11, and 4f n21« l are the electronic configurations o
the ground state, intermediate state, and final state, res
tively. In the calculation the kinetic energy of the continuu
electron is taken such that the total energies of the 3d94 f n11

and 4f n21« l are the same, in fact these configurations fo
the same coherent state.

The method for calculating the RPE is almost the same
Ref. 23 and leads to the same results for parallel geometr
Ref. 19. The Hamiltonian can be written as

H5H01Vr1Va , ~1!

whereH0 describes the atomic configuration including Co
lomb, exchange and spin-orbit interactions of the 3d and 4f
shells in the presence of a magnetic field,Vr is the radiative
dipole transition of 3d→4 f and 4f→« l , andVa is the Au-
ger transition with radial matrix elementsR(3d,« l ;4 f ,4f ).

The spectrum of the RPE is given as

F~«,hn!5(
k,b

u^kbuVr1VaG~hn!Tug&u2

3d~hn1Eg2Ekb!d~«2«k!, ~2!

where

G~hn!5
1

hn1Eg2H01 iG
, ~3!

where we take into accountVr up to the first order andVa up
to the infinite order.« is the photoelectron energy,ug& the
ground state ofH0 with energyEg , andukb& the final states
with energiesEkb . As usual, we ignore the interaction b
tween the emitted photoelectron and the ionic configurat
so that the final statesukb& and their energies can be deco
pled asukb&5uk&ub& andEkb5«k1Eb , respectively, where
uk& represents the« l continuum electron state with energ
«k , and ub& the final states of the Tb ion with energyEb .

FIG. 2. Calculated TbM4,5 XMCD for PiM ~draw line! together
with the experimental spectrum~closed symbols! for /P,M
530°. The shape of the XMCD is not expected to be angle dep
dent. The photon energies at which the resonant photoemis
spectra have been taken are marked bya, . . . ,g.
10440
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The operatorT, called thet matrix, represents the effectiv
transition fromug& to the intermediate statesum& and is de-
fined as

^muTug&5^muVr ug&2 ip(
k,b

^muVaukb&^kbuVr ug&

3d~hn1Eg2Ekb!. ~4!

The lifetime operatorG is defined as

^muGum8&5(
k,b

^muVaukb&^kbuVaum8&d~hn1Eg2Ekb!.

~5!

The wave function of the ejected photoelectron in t
continuum state travelling in the directionk̂ with energy«k
is given by

uk&5
1

k (
l ,m

i le2 id lYlm* ~ k̂!R«kl~r !Ylm~ r̂ !, ~6!

whered l is the total phase shift of thel th partial wave and
R«kl(r ) is the radial part, and the spherical harmonicsYlm

have the Condon and Shortley phase convention.24 Substitu-
tion of Eq. ~6! into Eq. ~2! can lead to interference betwee
spherical harmonics with differentl values. The angular de
pendent MCD spectrum will be sensitive to the phase fac
of the photoelectron.

F(«,hn) gives a two-dimensional distribution of the pho
toemission. By slicingF along the binding energy (BE
5hn2«) for fixed hn we obtain the RPE spectra, whic
give the 4f energy distribution. By slicingF along hn for
fixed BE we obtain the constant-initial state~CIS! spectra
~not used in this paper!. The integration ofF over the emitted
electron energy« ~i.e. summing over the CIS spectra! gives
the M4,5 XAS, and hence the XMCD.

IV. RESULTS AND DISCUSSION

We calculated the TbM4,5 XMCD in parallel geometry
(PiM ) and the MCD-RPE for different angles. The atom
Slater integrals, spin-orbit interaction, electric-dipole tran
tion probabilities and Auger matrix elements were obtain
using Cowan’s Hartree-Fock program with relativist
corrections.25 The calculated values are listed in Ref. 19. T
Slater integralsFk(4 f ,4f ), Fk(3d,4f ), andGk(3d,4f ) were
scaled to 84, 100, and 80 %, respectively, as obtained f
optimizing the Tb M4,5 XMLD, 21 off-resonant photo-
emission,22,26 and 3d4 f 4 f MCD-RPE.19 Although the scal-
ing influences the relative energy positions of the multip
peaks, its effect on the relative peak intensities in the MC
spectrum is small. Therefore, the effect of this scaling h
not much consequences for the purpose of the present w
The allowed symmetry for the orbital quantum number of« l
is l 5d, g for direct photoemission~dipole transitions! and
l 5s, d, g, i, l for the Auger process~Coulomb interaction!.
We will neglect thel channel which contributes the large
matrices in the calculation but makes little difference for t
total intensity. The calculated Hartree-Fock values

n-
on
8-3



TAGUCHI, VAN DER LAAN, ARENHOLZ, DHESI, AND DUDZIK PHYSICAL REVIEW B 68, 104408 ~2003!
FIG. 3. Tb 3d→4 f resonant photoemission~RPE! and corresponding MCD spectra in perpendicular geometry@see Fig. 1~a!# at the
photon energies marked bya, . . . ,g in the M4,5 XMCD spectrum of Fig. 2. Upper panels: calculated RPE for1 helicity ~drawn line! and
2 helicity ~dashed line! of the incident x rays together with the experimental results for1 helicity ~closed symbols! and2 ~open symbols!
helicity. Middle panels: calculated MCD spectra~drawn line! and experimental results~open squares!. Lower panels: calculated spin
polarized MCD spectra:I MCD,up ~drawn line! and I MCD,down ~dashed line!.
104408-4
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MAGNETIC CIRCULAR DICHROISM AND SPIN . . . PHYSICAL REVIEW B68, 104408 ~2003!
the phase shiftsds , dd , dg , andd i with respect tod l were
4.32, 1.76, 4.62, and 5.81 rad, respectively, for a kinetic
ergy of ;1250 eV. For the 4f 7 final states we took a life-
time broadening ofG50.17 eV and a Gaussian broadeni
due to the experimental resolution ofs50.085 eV.18 For
comparison with the experiment,G0 was taken as 0.4 eV fo
theM4,5 edges. The calculated RPE spectra were fitted us
an effective Stokes parameter ofS350.8, which takes into
account the degree of circular polarization of 8565% and
the incomplete magnetic saturation.

Figure 2 shows the calculated TbM4,5 XMCD in parallel
geometry, which is in good agreements with experimen
results and with previous atomic calculations.19 The Tb
ground state7F6 (;95% purity in intermediate coupling!
has total angular momentumJ56 and is connected with th
intermediate statesJ8 via the dipole selection rulesDJ50,
61 whereJ855 gives positive features (c, d, e) and J8
57 negative features (a, b, f, g) in the XMCD.

A. Perpendicular geometry

1. MCD-RPE

The calculated results for the RPE in PG@see Fig. 1~a!#
are shown in the upper panels of Fig. 3, where the spectra
hn5a, . . . ,g are obtained by tuning the photon energy
the corresponding peaksa to g in the M4,5 XMCD of Fig. 2.
The experimental spectra are shown by open~closed! sym-
bols and the theoretical spectra by dashed~drawn! curves for
the 2 (1) helicity of the incident x rays. The calculate
results are in very good agreement with the experiment
all photon energies. As was already pointed out for ang
integrated RPE,19 the lower BE region~below 22 eV) con-
tains a single peak arising from the8S state. The region
between 0 and 3 eV contains the6P, 6I , and 6D states and
the region between 3 and 6 eV contains mainly6G and 6H
states. For each photon energy the sextet spin states di
strong signals, while the octet spin state (8S) is rather weak.
On the other hand, forhn5d and g the high BE region
~above 6 eV! shows a rather strong contribution from quar
spin states, because the corresponding peaks in the XM
contain a relatively high amount of states with lower sp
character, such as 41% quintet and 53% triplet spin sta
respectively.

The middle panels in Fig. 3 show the correspond
MCD-RPE in PG. Forhn5c, e, f, and g, there is a good
agreement between the calculated~drawn! and experimenta
~dashed! spectra, but there are some differences forhn5a,
b, and d. For hn5a, the 6G and 6D are negative in the
calculation but appear as slightly positive in the experime
For hn5b, all multiplet states have the correct sign but t
calculated6G, 6H, and 6D are quite a bit larger than in th
experiment. Forhn5d, the6H gives a large positive signa
in the calculation, but is slightly negative in the experime
In the calculation the intensity at the high BE side is high
than in the experiment and also the energy positions of
peaks are slightly higher. Such a reduction in intensity a
shift toward higher BE has also been observed for other c
level photoemission spectra.19,21,27
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2. Systematics

We shall now make a comparison between the spec
shapes of MCD at differenthn. For this purpose we look a
the calculated spectra. The spectral variations as a func
of angle are more smooth in the experiment than in
theory, because the former were done using a photoelec
detector with an acceptance cone of 20°, whereas in
latter the precise emission angle was used.

According to Ref. 19, for parallel geometry theJ855
~positive XMCD! gives intense peaks for highL values in
the MCD-RPE, whileJ857 ~negative XMCD! gives intense
peaks for low L values. Since the XMCD signal varie
strongly with hn ~Fig. 2! there will be strong variations in
the MCD-RPE spectral shape in parallel geometry for sm
changes inhn. On the other hand, judging from Fig. 3, suc
strong variations do not seem to be present in the case o
PG, where the signature of the MCD-RPE is quite similar
every photon energy. Figure 3 shows that peaks with higL
values ~6H and 6I ) are positive while those with lowerL
values~8S,6

P,
6

D, and 6G) are negative. The MCD in PG is
usually strongest for the highestL values, i.e.,6G,6

H, and 6I
and becomes weaker for lowerL values.

3. Spin dependence

It is also of interest to consider the spin-polarization of t
emitted photoelectron for MCD-RPE in PG.28 The lower
panels of Fig. 3 show for differenthn the calculated spin-
polarized MCD spectra, which are defined as

I MCD,up5I 1,up2I 2,up,

I MCD,down5I 1,down2I 2,down.

For all photon energies we find a strong spin polarization
the MCD-RPE with mainly spin-up photoemission for th
low-spin ~sextet! states and spin-down photoemission for t
high-spin (8S) state. This is due to the selection rule,DS
5s56 1

2 , from the septet spin ground state, wheres is the
spin of the photoelectron. The large spin polarization c
also be appreciated from the spin polarized spectra

I up5I 1,up1I 2,up,

I down5I 1down1I 2,down,

which are shown in Fig. 4. The strong spin polarizati
arises because the Tb has 6.94 spin-up 4f electrons but only
1.06 spin-down 4f electron.26

The MCD spectrum can be decomposed as

I MCD5I MCD,up1I MCD,down

5I 1,up2I 2,up1I 1,down2I 2,down,

and a comparison with the spin spectra in Fig. 3 shows
there is a strong resemblance between theI MCD and the
I MCD,up spectrum. This is due to the fact that theI MCD,down
specrum is small.
8-5
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Figure 4 further shows the spin-orbit spectrum, whi
measures an alignment between the spin and orbital
ments of the 4f hole created in the final state, and which
defined as26

I s-o5I MCD,up2I MCD,down5I 1,up2I 2,up2I 1,down1I 2,down,

which is also quite similar to theI MCD with, as expected, a
reversed sign for the8S peak.

B. Angular dependence

1. Calculated results

While the 8S peak in the MCD-RPE has a rather lo
intensity in PG @Fig. 3~a!#, in the study for the paralle
geometry19 this state has a rather large negative intens
especially forhn5a. In order to be able follow the varia
tions in spectrum in going from parallel geometry to PG,
plotted for different anglespin in Fig. 5 the RPE forhn5a
andb, for 2 and1 helicity. The angle/P,M is fixed at 60°
@Fig. 1~b!#, so that the ‘‘parallel geometry’’ of Ref. 19 corre
sponds topin530°, eout590°, while PG corresponds topin
590°, eout530°.

For hn5a the 8S state has a large intensity for2 helicity
resulting in a strong MCD signal atpin530° @Fig. 5~a!#.
Going to 90°, the8S decreases strongly for2 helicity and
also the 6P, 6I , and 6D decrease slightly for both helicities
On the other hand, the6G and 6H increase for both helici-
ties. In the MCD spectra@Fig. 5~b!# the negative peak of the
6P decreases in going to PG in the same way as the8S,
while the 6H shows the opposite behavior. The6I , 6D, and

FIG. 4. Tb 3d→4 f RPE in PG for the different photon energie
across theM4,5 resonance. Left panel:I s-o ; right panel:I up ~drawn
line! and I down ~dashed line!.
10440
o-

,

6G do not change very much.
For hn5b and pin530° @Fig. 5~b!# the 6I is large for

1 helicity while the 8S is relatively small. The angle depen
dence of the8S and 6H is the same as forhn5a, but the6P
shows no angle dependence while the6D and 6G increase in
going to PG.

2. Comparison with experiment

Figures 6 and 7 show forhn5c and d, respectively, the
comparison between the calculated~left panels! and the ex-
perimental~right panels! angle dependence, where~a! shows
the RPE for the two helicities and~b! the resulting MCD. For
hn5c @Fig. 6~b!# the MCD shows an excellent agreeme
between theory and experiment. Forpin530°, the signal is
largest for1 helicity over the whole BE region, except fo
the 8S which is larger for2 helicity. Going towards 90°, the
intensity for2 helicity increases, which makes the spect
shape more similar for both helicities and the6G finally
reverses at 90°. The8S is always negative and increases
going to 90°. The6I has always a positive MCD but de
creases for increasingpin .

For hn5d the comparison between theory and expe
ment for the RPE and MCD is shown in Figs. 7~a! and 7~b!,
respectively. Also in this case the agreement is quite go
As anticipated above, the quartet states at the higher BE
have a large intensity. The RPE shows an angle depend
of the quartet states but this is not so visible in the MCD

V. CONCLUSIONS

We have presented experimental results for the magn
circular dichroism in Tb 3d→4 f resonant photoemissio
~MCD-RPE! in perpendicular geometry~PG!. These results
have been compared with calculations using an ato
model that takes into account the full multiplet structure a
the coherent second-order process. Very good agreemen
tween the experimental results and the calculations is
tained for the RPE and corresponding MCD. The presen
calculations show that the MCD-RPE in PG can be succe
fully exploited in complicated cases, such as the rare e
systems, and not only in the more simpler cases explored
to now. While the strong variations in the XMCD signal as
function of photon energy lead to equally strong changes
the spectral shape of the MCD-RPE in the parallel geome
this is not the case in PG, where the signature of the MC
RPE is quite similar for the different photon energies acr
the absorption edge. The MCD in PG is usually the strong
for the highestL values, i.e.,6G, 6H, and 6I , and becomes
weaker for lowerL values. On the other hand, as shown
Ref. 13, strong spectral changes with incident photon ene
are expected when the final state is a mixture~hybridization!
of different electronic configurations. This could open up
interesting method to study hybridization effects.

While the RPE in parallel geometry has been well und
stood in terms of spin-orbit, Coulomb, and exchan
interactions,19 only the angle dependent RPE can verify t
phase factors of the emitted photoelectron. We have also
sented calculations which show that the MCD in RPE
strongly spin polarized. This is due to the fact that t
8-6
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FIG. 5. Calculated Tb 3d→4 f RPE at different angles for~a! hn5a and~b! hn5b. The experimental geometry is as in Fig. 1~b! with
the anglepin indicated for each spectrum. Left panels: RPE for1 helicity ~drawn line! and2 helicity ~dashed line! of the incident photon;
right panels: resulting MCD.

FIG. 6. Tb 3d→4 f RPE at
different angles forhn5c. The
geometry is as in Fig. 1~b! with
pin indicated for each spectrum
~a! RPE for 1 helicity ~drawn
line! and2 helicity ~dashed line!;
~b! resulting MCD. Left panels:
calculation; right panels: experi
mental results.
104408-7
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FIG. 7. Tb 3d→4 f RPE at
different angles forhn5d. The
geometry is as in Fig. 1~b! with
pin indicated for each spectrum
~a! RPE for 1 helicity ~drawn
line! and2 helicity ~dashed line!;
~b! resulting MCD. Left panels:
calculation; right panels: experi
mental results.
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spin-up 4f states are filled while the spin-down 4f states
contain only one electron.

We also presented theoretical results for angle depend
of the RPE and its MCD in theM5 region. The calculated
results with the photon energy above theM5 threshold have
been compared with the experimental results and show g
agreement. Interestingly, there is a very strong angle de
dence of the spectral shape which can be used to obtain
information. For a system with a known ground state, inf
mation can be obtained on the phase factors of the outg
photoelectron and on the angular dependence of the in
atomic Coulomb interaction. Vice versa, when we kno
Re

tt.

i,
.

li,

10440
ce

od
n-
tra
-
ng
a-

these atom-specific parameters, e.g., from Hartree-Fock
culations, we could use the angle dependence to obtain
formation about the ground-state properties of the syst
much along the lines of the sum-rule analysis for seco
order processes.4,6,12,14
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